Comprising flows through blood vessels, over airplane wings, in astrophysical accretion discs and the earth's atmosphere, shear flows are relevant to many different disciplines and occur over a large breadth of scales. A common feature of these flows is that the laminar and the turbulent state often co-exist over significant parameter ranges 1,2 . Even if a critical point exists at which the laminar state becomes unstable this transition point can be bypassed and turbulence typically sets in at much lower parameter values than expected from linear stability theory 3, 4 . The onset of turbulence is accompanied by a large increase in drag, mixing rates and heat transfer
and it is hence crucial for many processes to decide if flows are likely to be laminar or turbulent.
At low Reynolds numbers, Re, (e.g. Re=UD/ν <1500 in pipes, where U is the mean velocity of the flow, D the pipe diameter and ν the kinematic viscosity) flows are always observed to be laminar in practice. At larger Re and if disturbances to the flow are sufficiently strong 2, 5 , transition to turbulent motion occurs. This transition is governed by the non-linear growth of finite perturbations and therefore the Reynolds number at which it occurs cannot be predicted by classical (linear) stability analysis.
Due to the strong dependence on the magnitude of the finite perturbations, transition points vary greatly even under well controlled laboratory conditions. In ordinary pipes at Re~2000 flows are found to be strongly intermittent with sudden changes between laminar and turbulent segments 1, 6 . Here the dynamics are dominated by the co- The three configurations selected, namely pipe, duct and channel flow (see figure 1 for details) differ in important aspects of their stability behaviour. Whereas in pipe and duct flow the laminar state is stable for all Reynolds numbers, laminar channel flow becomes linearly unstable 4 at a finite Reynolds number (Re=5772). Duct flow on the other hand has the particular feature that the averaged turbulent flow is not unidirectional but features a pair of eddies in each corner 15 .
Results and Discussion
Lifetime distributions for localized turbulence have been determined as described in the experimental methods section. The survival rates of turbulent spots for channel and duct flow are shown in figure 2A and compared to the pipe data obtained in the earlier study 10 . The distinct S-shape of these curves 11 infers that the decay of turbulence is memoryless and can be described by an exponential ansatz: P(t,Re)= fronts and discrete system in statistical physics is far from obvious 19 we indeed observe the same exponent (α=0.5) for all three systems. Square root dependence of front velocities on a parameter at a critical point has also been observed in reaction diffusion problems 20 and models in statistical physics 21, 22 .
Any predictions concerning lifetimes of turbulence cannot be extrapolated beyond the phase transition point. In principle segments of an expanding turbulent spot could still decay before being invaded by the adjacent turbulent flow again. Such measurements will be hard to achieve in pipes and ducts where (according to the observed scaling laws) lifetimes on the order of 10 150 and 10 230 years are expected at the respective phase transition points. In channels remarkably the phase transition sets in much earlier and the required observation time here is only 2.5 hours which can be realized experimentally (though it is just out of reach of the present facility).
Conclusions
The nature of turbulence close to onset has been characterized for three different flows. Although the studied flows differ in many aspects the transition scenario is qualitatively identical. Universality close to a critical point has been observed in many complex systems, but prior to this study not for turbulent flows. The scaling behaviour uncovered is likely to inspire new theoretical approaches and to significantly improve our understanding of one of the most complex phenomena in nature.
Methods
For the lifetime studies the experimental procedure was identical to that described in references 10 and 11. As in the earlier study for pipe flow first a perturbation was applied at a fixed position upstream of the channel /duct outlet. The perturbation amplitude was chosen large enough to trigger transition to turbulence and the duration rates were determined by identifying the beginning of these stages in the pressure signal. For instance the front velocity is obtained by determining when the spot first enters (t 1→2 ) and first exits (t 3→4 ) the measured section and it is given by: U FRONT = L/(t 3→4 -t 1→2 ). At each Reynolds number expansion rates were averaged over 10-25
events.
